INTRODUCTION
Suprisingly, a detailed account of the gross vasculature of the adult rat brain was not found in the literature. Greene (30) and Craigie (59) described and illustrated the superficial course of the three major cerebral arteries.
Moffat (44-46) investigated the embryology of developing arteries and Craigie identified the choroidal arteries. Brown ( 10) investigated the circle of Willis and described anatomical variations. Supplies to specific structures or regions were studied. Spoerri (54) investigated the supply to the subfornical organ ; Green and Harris (29) . Glydon (28)) Akmayev (4). Duvernoy (22) , and Halasz et al., (31) the pituitary gland; Weindl and Joynt (58) and Weincll (57) the circumventricular organs; Scremin (52) the hypothalamus ; and Coyle (13) the septum. Coyle (11) investigated deep veins of the hippocampus.
More attention was given the relative vascularity of different brain structures in the normal rat. Much of the microvessel work was reported by Craigie (14-16) and phylogenetic considerations of the patterns were considered by Craigie (17). Tsang (55, 56), ReiniS (50) and others contributed to early microvessel experimental studies in rat. These earlier investigations were reviewed by Freide (24).
Nilges (47) investigated the arterial supply to the hippocampus in dog, cat, monkey. opposum, guinea pig, and rabbit, but did not report on rat. Prolo and Stilwell (49) investigated the rabbit with attention focused on the diencephalon. Abbie (1, 3 j and Gillilan (25, 26) investigated a series of submammals and mammals with emphasis on phylogenetic trends.
Motivations to undertake the present investigation mapping gross arterial distributions in adult rat rhinencephalon * were as follows. First, many different types of experimental procedures on the brain interrupt the vasculature.
Experiments should be designed to minimize vascular involvement and should control for damage to "vessels of passage" supplying more distal structures.
Second, following intracerebral administration of drugs, labeling compounds, and the like, some diffusion in the extracellular space along blood vessels and, possibly, active transport occur. Information should be available indicating the spatial organization of all transport systems. Third, Hartman and Udenfriend (33) and Hartman (32) presented evidence for catecholamine axons ascending from the hindbrain tegmental gray to supply vessels directly at forebrain levels. Certainly, spatial maps of vessels are required before vascular innervation fields of myelinated and unmyelinated fibers, as observed by Huber (36)) and those on intracerebral vessels demonstrated by Clarke (13), and cholinergic fibers as suggested by the work of Penfield (48) and others, and the catecholamine innervations as reported by Hartman, can be fully clarified.
MATERIALS AND METHODS
Seventy-five rats, mostly females, of the Wistar strain and weighing from 150-300 g were anesthetized with sodium pentobarbital (50 mg/kg body weight, ip). The thoracic cavity was opened on the ventral side, the right atrium was snipped, and in most cases General Electric RTV silicone rubber was perfused via a blunt end hypodermic needle inserted through the left ventricle into the aorta. This vessel was ligated distal to the left common carotid artery. This material thoroughly mixed with India ink or mercuric oxide to provide color was injected under hand pressure in five animals. In some specimens sodium nitrite, a vascular dilating agent, was injected, in others heparin was utilized, or 10% neutral buffered formalin was injected before the silicone rubber was perfused. These modifications did not appear to enhance the degree of perfusion and result in less satisfactory perfusion when India ink is utilized. Ten brains were either sectioned in one of three standard anatomical planes or dissected and then placed in glycerin for tissue clearing purposes. Undissected brains were macerated in 3% potassium hydroxide for several days, washed, dehydrated in alcohol, and then placed in glycerin or placed in glycerin directly after fixation or maceration. Observations on the whole and dissected brains were made with the aid of a dissecting microscope. Tissue sections were investigated with a dissecting microscope and a light microscope.
The atlas of Konig and Klippel (39), the monograph of Andy and Stephan (5), and the report of Fox (23) were utilized in studying the septum. Nomenclature for the hippocampal formation (see footnote 2) and associated structures follows definitions established earlier by Lorente de No (42, 43) , Blackstad (S), Krieg (40, 41) . and Blackstad et al. (9), except where noted. The vascular patterns described below were observed in numerous sections, dissections, and prepared specimens. Variations occur in number and distribution of the smaller as well as certain of the larger vessels.
TABLE 1
Important variations are included in the text material, but the study suffers from a lack of quantification of variations.
OBSERVATIONS AND COMMENTS
Arterial supply of the olfactory bulb, twberculum olfa'ctovium, and associated structwes.
The major arterial supply of the olfactory bulb is through four major vessels that encompass the bulb (Kg. 1). Two dorsal vessels arise from a common trunk, the olfactofrontal artery. This stem vessel arises from the azygos anterior cerebral artery, usually at its most rostra1 limit, and courses in a rostra1 direction where medial and lateral olfactory branches supply the dorsum of the bulb. Its frontal branch (unlabeled) occupies the olfactofrontal sulcus and continues a collrse along the rhinal fissure to connect with a branch of the middle cerebral artery. Ramifications of the frontal branch supply the dorsal portions of the olfactory stalk, prepiriform cortex,3 and adjacent frontal cortex. Two ventral olfactory -0lfactofrontal a.
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-Ant. char. a. bulb arteries, one medial and the other lateral, stem from the common ventral olfactory artery (Fig. l) , a branch usually of the azygos anterior cerebral artery. Anastomotic connections between medial and lateral dorsal vessels form arcades providing branches to the bulb and accessory bulb and connections between dorsal and ventral vessels are evident (Fig. 1) . Small ramifications penetrate the bulb at an angle perpendicular or normal to the surface to supply laminae with different vascular volumes. Branches of the nasal-olfactory artery anastomose with the medial olfactory vessels before entering the nasal cavity where its major fields are located. Such surface anastomotic patterns between vessels may provide collateral sources to bulb structures in the event of a major branch occlusion.
Ramifications of the ventral olfactory artery and the anterior cerebral artery travel in a rostrolateral direction (Fig. 2) to supply, in course, the rostra1 region of the horizontal limb of the tract and nucleus of the diagonal band of Broca, the small medial olfactory tract, the medial aspect of the tuberculum olfactorium, the anterior olfactory nucleus, the islands of Calleja, the nucleus accumbens, the rostra1 portions of the medial forebrain bundle, and the medial regions of the head of the cautlate nucleus. Other vessels stem from the middle cerebral artery to supply more lateral portions of the field. A large vessel traverses in a parallel direction the lateral olfactory tract (Fig. 2) to supplv it and the rostrolateral region of the head of the caudate nucleus.
Arfcrial s~rpply of t11c srpfrrlrl.
The septum (see footnote 3) receives its major blood supply from vessels stemming from the anterior cerebral artery (Figs. 1 and 3 of the rat septum was presented earlier by Coyle (12). Inclusion of a general account of the arterial supply here is to avoid omission of a major rhinencephalic region. Two sets of arteries arising from the azygos anterior cerebral artery, the long and short septal arteries, supply the septum. The short septal arteries are more numerous than the long ones. Both sets course from a rostromedial to caudolateral position. Along the vertical coordinate, the vessels extend from an inferior to superior position.
Short septal arteries and the long ones, to a degree, supply rostra1 septal structures including medial, lateral, and dorsal septal nuclei, and the vertical limb of the tract and nucleus of the diagonal band of Broca. The anterior continuation of the hippocampus receives supply from the short septal arteries and unnamed branches of the anterior cerebral artery. The most caudal septal structures receive supply from the long septal arteries coursing superior to the anterior commissure and vessels were traced into the rostra1 end of the ventral hippocampal commissure, septal portion of the descending column of the fornix, and septal nuclei caudal to the anterior commissure. Intracerebral vascular connections between short or long vessels were not evident in the preparations; potential collateral supply through capillary meshworks could not he investigated adequately in the silicone preparations. A rostra1 septal lesion or object implant may well interrupt vessels supplying more caudal septal structures.
Caudal septal degeneration patterns as observed in animals where septal nuclei and fiber bundles disappear following a more rostra1 lesion may in fact relate to poor or no collateral interchange among the smaller vessels. Such degeneration patterns in the septum and hippocampus and their vascular basis is a current topic of our interest and are being pursued in detail in appropriate preparations.
Arterial supply of the cingltlate cortex. The azygos anterior cerebral artery courses superior to the corpus callosum and then extends more or less parallel to it to supply it, the iduseum griseum, the longitudinal striae, and, in the posterior region, the fornix superior. Branches penetrate the cerebral substance at an angle approximately normal to the surface to nourish the cingulate cortex (Fig. 3) and extend onto the lateral surface of the hemisphere to supply fron,tal, parietal, and occipital cortices. Extensive vascular connections were made with numerous branches of the middle cerebral artery on the lateral hemisphere surface (12). Transections of the corpus callosum from above most likely sever the laterally directed branches and involve the anterior cerebral artery. A ventral approach could spare such involvements. The subfornical artery arises at about midcourse of the rostra1 caudal extent of the supracallosal cerebral vessel (Fig. 3) . The vessel traverses a course around the splenium of the corpus callosum to pass rostralward to supply the subfornical organ (54). Other branches (Fig. 3,  unlabeled) from the paired portion of the anterior cerebral artery anastomose with ramifications from the posterior cerebral artery in occipital, retrosplenial, and dorsal subicular fields. Vascular supply to the dorsal hippocampal commissure, subcallosal portion of the fornix superior, and caudal region of the ventral hippocampal commissure appears to receive from both the anterior and posterior cerebral circulation, with a few branches extending across the midline. The vascular supply to these fiber bundles is from small rami of the nearby arteries. Further analyses with a more refined technique seem appropriate, as these fibers are frequently transected without regard for consequences of possible large venous field involvements.
Art&al supply of the pevimnygdaloid corfrx, aulygdaln, and pirifovm routrx. Several ramifications from the middle cerebral artery and internal carotid artery (Fig. 2) supply the periamygdaloid cortex (see footnote 3) and amygdala. The first branch of the anterior choroidal artery (Fig. 4) usually traverses a superficial course supplying ramifications to the cortex medial to the free edge of the tentorium cerebelli and to the periamygoid cortex. Side ramifications course through the cortex in a dorsocauclal direction, divide into forked branches, and supply the central and medial regions PETER COYLE FIG. 5. A. Caudomedial view of left hippocampal formation. Note longitudinal hippocampal artery at the porta of the hippocampal fissure with transverse arteries to the piriform cortex and external blade of the fascia dentata. Transverse hippocampal arteries in fissure are not visible. Scale, 1 mm. B. Caudal view of arteries on piriform cortex of right hemisphere. Uncleared specimen injected with silicone rubber thoroughly mixed with a small amount of India ink. Scale, 1 mm. of the amygdaloid mass. The stem vessel continues over the surface of the cortex to anastomose with branches from other cerebral vessels. A second branch arising from the anterior choroidal artery or the stem vessel supplying the amygdala courses in the transverse cerebral fissure and sends branches lateralward to supply the most medial region of the amygdala. The anterior amygdaloid area and most lateral arnygdala region receive supply from rami of the middle cerebral artery.
The entorhinal, parasubicular, presubicular, subicular, and prosubicular structures receive supply from the longitudinal hippocampal artery, a branch of the posterior cerebral artery in rat. Several vessels stem from the longitudinal hippocampal artery (Fig. SA, B) to supply the more lateral structures including the presubicular area 49 and entorhinal area 28 as illustrated by Krieg (40). One branch is often larger than the others (Fig.  SB) . The vessel follows a course superiorly towards the rhinal fissure located in a more lateral position. In course. the vessel divides into smaller rami to nourish entorhinal structures. Distally, anastomoses of the vessels supplying the entorhinal tortes are made with branches of the middle cerebral artery. (Fig. 8) .
Arterial srrp)ly of the hippocawpat formafion and nearby strzlrtwrs.
In most brains examined, the posterior cerebral artery distal to joining the posterior communicating artery ramifies into three trunks (Figs. 6, 8) .
One trunk is the longitudinal hippocampal artery, a second is the continuation of the posterior cerebral artery, and the third vessel is the transverse collicular artery. Initially the three vessels are located in the transverse cerebral fissure. The transyerze vessel traverses a course across the crus Mid. cejeb. a. 7 . View of arteries on the caudodorsal surface of the thalamus. Telencephalic structure dissected. Note posterior medial choroidal artery traverses from caudal (C) to rostra1 (R) regions of the stria medullaris thalami. Note formation of loop between posterior cerebral artery and anterior choroidal artery. Perfusion material as for specimen in figure 5B . Scale, 1 mm. cerebri, brachium of the inferior colliculus, and ascends in the transverse collicular sulcus to supply mesencephalic and caudztl diencephalic structures in course. The posterior cerebral artery follows a more rostra1 path coursing over the caudal region of the thalamus. Terminal branches of the posterior cerebral artery perforate the thalamus to supply the superior fields (Fig. 7 ) and provide the posterior medial choroidal artery (Fig. 7) supplying the choroid plexus of the third ventricle. An arterial loop was generally established between the posterior lateral choroidal artery (usually a branch of the posterior cerebral artery, but occasionally of the longitudinal hippocampal vessel) and the anterior choroidal artery. The vessel distal to the junction, referred to as the common choroidal artery (Fig. 7) , often joined a terminal branch of the posterior medial choroidal artery (Fig. 7) to form a second loop between the posterior circulation and the internal carotid artery. The anterior, posterior lateral, and common choroidal arteries supply the choroid plexus of the lateral ventricle. No rami could be traced to the hippocampus, The longitudinal hippocampal artery traverses a course parallel to the longitudinal axis of the hippocampus. The vessel is located in the porta of the hippocampal fissure (Fig. S) , supplies branches that nourish the fascia dentata and hippocampus as well as subicular and entorhinal structures. The vessel provides a massive set of transverse arteries (Figs. 8  and 9 ) that course in the hippocampal fissure. The transverse vessels follow a course nearly normal to the longitudinal artery (Fig. 9) . In the septal half of the hippocampus, but not at its most rostra1 extent, the transverse vessels are at an angle of approximately 45 deg to the sagittal plane. In the temporal half the vessels are more closely spaced. Several transverse arteries frequently ramify from a common stem arising from the longitudinal vessel to supply branches to cornu ammonis with ramifications being most numerous in CA3 structures adjacent to the fimbria. The internal blade" of the fascia dentata, CAI, adjacent prosubicuIum, and subiculum appear to receive few branches from these transverse hippocampal arteries. The fascia dentata and subicular fields also receive from separate smaller diameter and less branching transverse vessels stemming from the common stem or longitudinal vessel. Vessels supplying the internal blade (see footnote 2) of the fascia dentata loop around its end to enter the area dentata.
Field distributions in the hilum as distinct from those supplied by arteries nourishing the external blade (see footnote 2) (Fig. SA) and entering the so-called fimbrioclentate sulct~s remain to be clarified. Separate supplies to CA4 and that portion of CA3 within the hilum are currently being investigated in appropriately prepared specimens. Contributions to the fimbria, alveus, and hippocampus by the anterior choroitlal artery or common choroidal artery coursing parallel to, but external to, the fimbria in the choroida1 fissure were not observed in the silicone preparations.
DISCUSSION
In several respects the basic arterial patterns in rat forebrain structures were similar to observations made by Duret ( 19-21), Beevor (7), Shellshear (53), Abbie (l-3), Scharrer (51) and Gillilan (25-27) for a series of vertebrates including man but not rat. A summary of earlier findings on the cerebral vasculature dating from the investigation published by Haller in 1781 can be found in a report by Duret (20) . Duret (19) and Beevor (7) considered the cerebral arteries in man to be cortical or basal vessels. The cortical components, being phylogenetically more recent, supply the cerebral cortex and deep telencephalic white while the older basal arteries nourish subcortical structures. Distinct differences 4The term porta of the hippocampal fissure is used to designate the location in the extramedullary space, that is, at the junction of the transverse cerebral fissure and the partially obliterated hippocampal fissure (35). 'Br. of mid. cereb. a.
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- such as type and number of anastomoses, collateral linkages, length, and branch patterns of intracerebral vessels exist between the two components. Duret (ZO), Reevor (7), and others, including Gillilan (27), observed anastomoses between the three cerebral arteries at the confines of their areas in a variety of vertebrates including man. Ramifications of a cortical artery anastomose freely in the arteriolar plexus on the surface of the brain. Collateral supplies are evident on the surface of the olfactory bulb and exist on the surface of the cingulate and piriform cortex in rat. All three regions could receive blood from rami of the middle cerebral artery. Intracerebral anastomoses were not observed. While collateral supply via intracerebral arterial anastomoses may exist, convincing anatomical evidence for them and for arteriovenous shunts is meager.
Vascular patterns observed in the septum, amygdala, and hippocampus were of a much different organization. The rostra1 septum is represented on the cerebral surface, yet anastomoses were not evident. The vessels follow a relatively long intracerebral course. Most septal arteries did not course perpendicular to the long axis of the septum. but rather were arranged nearly parallel to it; possibly the pattern was secondary to the mode of embryogenesis.
The vessels branch most profusely near their endings. Similar ramification patterns were observed in the amygdala and appear to characterize the basal arteries there as in the hippocampus. Field distribution sizes of entering intracerebral basal arteries in the amygdala seemed to be larger in many instances than those of neocortical arteries as judged from branching patterns and vessel diameters. Quantitative measurements were not made.
Occlusion of the caudally directed intracerebral vessels located in the medial septum would be expected to have profound influences on more caudal septal structures. Involvements could extend to include the descending column of the fornix. Vascular disturbances in the medial septum or vertical limb of the diagonal band of Broca may modify septal cell pacemaking influences on neurons in the hippocampus and hippocampal formation outputs on fibers in the descending column of the fornix. Certainly, the shape and extent of septal lesions produced by passing current through an electrode implicate profound vascular involvements as evidenced from published pictures. One would wonder about the functional state of fibers in the descending column of the fornix and ventral hippocampal commissure. In utilizing histologic controls, examination and assessment of all structures supplied by vessels near or passing through a lesion site should be undertaken. Arterial patterns in the amygdala wo~~lcl suggest that the phylogenetically older cortical, medial, and central nuclear masses could be selectively destroyed by occlusion of rami stemming from the amerior choroidal artery and the collateral source vessel. The basal lateral complex developing later in ontogeny as demonstrated by Humphrey (37, 38) and of more recent phylogenetic origin would be spared because of supply from branches of the middle cerebral artery.
Similarly, vessels in the hippocampal fissure could be subject to injury during or following lesion placement in the fascia dentata, hippocampus, or subiculum. The lesion could extend to include vessels in the partially obliterated hippocampal fissure or induce retrograde vasospasm along vessels located in the cerebral substance, The result would be partial or whole field loss depending upon the number and distribution of vessels involved. Of all places along the septal-hippocampal axis, transection of the fornix body would cause the least amount of damage to arteries of passage : Consideration should be given to possible involvements of the supracallosal vessels and sinuses.
Earlier physiologic studies by Andersen et al. (6) demonstrated that evoked responses along the perforant pathway, mossy fibers, Schaffer collaterals, and CA1 pyramidal cell axons in the alveus were of greatest magnitude along a tissue slice or lamellae when these structures were stimulated. The long axis of the slice was oriented transverse to the longitudinal hippocampal axis. The anatomical study of Lorente de No (43) and the experimental investigations by Blackstad et al. (9), HjorthSimonsen ( 34), and others demonstrated that topgraphic fiber distributions in the hippocampal formation provide an anatomical basis for the observed evoked responses. Andersen et al. (6) noted blood vessels in the hippocampal fissure followed nearly the same course as mapped evoked responses in rabbit, suggesting certain vascular elements parallel the arrangement of fibers and associated cells of a lamella. Adjacent transverse hippocampal 34. HJORTH-SISIONSEN, 
